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Abstract 10 
Despite overwhelming evidence for a negative effect of inbreeding on fitness in plants and 11 
non-human animals, the exact nature of its effect in humans remains subject to debate. To 12 
obtain a better understanding of the effects of inbreeding on reproductive success in humans, 13 
we reconstructed the genealogies of the current inhabitants of a small and isolated Swiss 14 
village, and used these to estimate the level of inbreeding of both members of all married 15 
couples, as well as their relatedness (i.e. the level of inbreeding of their offspring). 16 
Accounting for temporal trends and potentially confounding socio-economic variation as 17 
much as possible, we found no effect of parental relatedness on the number of children a 18 
couple had. However, inbred mothers, but not inbred fathers, had significantly fewer children. 19 
Thus, although related couples did not have fewer children themselves, their inbred daughters 20 
did leave them with fewer grandchildren. Thereby we provide evidence for the existence of 21 
inbreeding depression in human fertility, also in relatively outbred and egalitarian 22 
communities. 23 
Keywords 24 
Inbreeding, consanguinity, inbreeding depression, humans, reproduction, family size, 25 
maternal effect, isolated populations, Switzerland 26 
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Introduction  27 
Darwin married his cousin and feared that the poor health and early death of several of his ten 28 
children was the result of “a serious form of inheritance from my poor constitution” 29 
(Burkhardt et al., 1997). Therefore he “wished that the truth of the often repeated assertion 30 
that consanguineous marriages lead to deafness and dumbness, blindness, etc., should be 31 
ascertained” (Darwin, 1887). Although his request for a large-scale investigation into the 32 
possible detrimental effects of consanguinity was turned down, since then the effects of 33 
inbreeding have been subject of continuous investigation in a wide range of species, including 34 
humans (Cavalli-Sforza & Bodmer, 1971; Jain, 1976; Thornhill, 1993; Bittles et al., 2002; 35 
Keller & Waller, 2002). 36 
Unlike Darwin, we now know that inbred offspring have an increased probability of receiving 37 
the same deleterious recessive allele from both of their parents, and that they will be more 38 
homozygous in general, both of which may result in reduced fitness, i.e. inbreeding 39 
depression (Charlesworth & Charlesworth, 1987). While the evidence for inbreeding 40 
depression in plants and non-human animals keeps accumulating {e.g. \Keller, 2002 #219}, 41 
the exact nature of its effect on fitness in humans, and on fertility in particular, remains 42 
unclear and subject to debate (e.g. Bittles et al., 2002).  43 
Adverse effects of inbreeding on a couple's reproductive success have been found in the form 44 
of, for example, an increased rate of miscarriage or infant mortality and morbidity (Bittles & 45 
Neel, 1994; Ober et al., 1999; Bittles, 2001; Jorde, 2001). Interestingly, however, several of 46 
the studies that found a strong effect of inbreeding on fecundity found that consanguineous 47 
couples in fact have more, rather than fewer, children (Bittles et al., 1991; Hussain & Bittles, 48 
1999; Blanco Villegas & Fuster, 2007). A number of non-biological explanations for this, at 49 
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first sight counter-intuitive, pattern have been put forward. For example, related couples may 50 
get married at an earlier age, have a lower level of education, or they may gain socio-51 
economic advantages by keeping wealth and land within their (extended) family (Bittles et 52 
al., 1991; Al Husain & Al Bunyan, 1997; Hussain & Bittles, 1999; Blanco Villegas & Fuster, 53 
2007). Furthermore, couples may have more children to compensate for a higher rate of infant 54 
mortality (referred to as reproductive compensation) (Hussain & Bittles, 1999; Ober et al., 55 
1999; Overall et al., 2002). Alternatively, this positive association between inbreeding and 56 
fecundity has been argued to reflect the negative effects of outbreeding depression, in which 57 
the break-up of coadapted gene complex or favourable epistatic relationships (Lynch, 1991) 58 
and an increase in maternal-foetal incompatibilities reduces fitness of more distantly related 59 
couples (Philippe, 1974). In line with this, a number of recent studies has found a non-linear 60 
relationship between fertility and a couple's relatedness, with fertility being maximised at 61 
intermediate levels of inbreeding, in both humans (Helgason et al., 2008), non-human animals 62 
and plants (Edmands, 2007). 63 
Unlike most studies on non-human animals, which focus much of their attention on the effects 64 
of inbreeding at an individual level (and thus the degree of relatedness of their parents), most 65 
studies on the effects of inbreeding in humans solely test for an effect at the level of the 66 
couple. So instead of testing for an association between an individual's coefficient of 67 
inbreeding and fecundity, they restrict themselves to a comparison of related and unrelated 68 
couples only. While this approach will detect effects of inbreeding on pre- or neonatal 69 
viability, it misses the non-negligible effects of inbreeding that may only manifest themselves 70 
later in life, for example when inbred offspring become reproductively active themselves. 71 
Indeed, in a long term study on the effects of inbreeding in adult Hutterites, an Anabaptist 72 
sect, Ober et al. (1999) found that although more and less inbred women had the same 73 
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number of children, inbred women had longer interbirth intervals, as well as longer intervals 74 
to a recognised pregnancy. Similarly, Robert et al. (2009) found an effect on family size of 75 
the inbreeding level of the father, at least at later age, in a pre-industrial Canadian population.  76 
Gaining a better understanding of the effects of inbreeding in humans requires estimates of 77 
inbreeding depression in relatively outbred populations, while accounting for any 78 
confounding non-biological factors as much as possible. Furthermore, rather than focussing 79 
solely on parental relatedness (consanguinity), the effects of inbreeding throughout the 80 
complete life-cycle have to be taken into account. Here we therefore use genealogical data 81 
from a small and isolated village in the Swiss Alps, and simultaneously test for the effects of 82 
parental relatedness and both maternal and paternal inbreeding on family size.  83 
Materials and methods 84 
Genealogical data  85 
Using data from, amongst others, parish and town registries, we were able to reconstruct 86 
genealogies for most of the families living in two adjacent small (500-700 inhabitants) and 87 
isolated villages in the southern part of the Swiss Alps (Cavergno and Bignasco). It is worth 88 
noting that, compared to bigger cities, such isolated mountain villages are relatively 89 
egalitarian and, until recently, have seen relatively little social and economic change.  90 
For the great majority of individuals we had information on the identity of their father and 91 
mother, as well as on their year of marriage, the number of children they had, and how many 92 
of these children reached adulthood. The number of children and the number of children that 93 
reached adulthood were highly correlated (Spearman rank correlation: ρ = 0.91, P < 0.0001) 94 
and provided qualitatively and quantitatively very similar results. As the number of children 95 
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that reached adulthood is less complete and accurate (for example due to emigration), we 96 
present here only the results for the total number of children. Immigrant couples, which may 97 
have had children born outside the village, were not included in the analyses (also see below). 98 
To anonymise the data, all individuals received a unique numerical identifier before any 99 
analyses were performed. We included all couples where the woman was born before 1954 100 
(assuming a maximum age at the onset of menopause of 55), assuring our estimate of the 101 
number of children refers to completed family sizes. Those couples where the year of birth of 102 
the woman was not known were included if they had got married before 1974. Marriages in 103 
which either the husband or the wife had been married previously were excluded. 104 
Estimating relatedness and inbreeding 105 
The probability of two individuals sharing an allele that is identical by descent (IBD) for a 106 
given locus is given by the coefficient of kinship, and provides a measure of the degree of 107 
relatedness or consanguinity of any two individuals. The probability of an individual 108 
inheriting two alleles that are IBD is equal to the parental coefficient of kinship, and is 109 
referred to as an individual's coefficient of inbreeding (Falconer & Mackay, 1996, pp. 82-88). 110 
Using PedigreeViewer (Kinghorn, 1994), we calculated for all couples the coefficient of 111 
kinship with their partner (i.e. the coefficient of inbreeding of their offspring), here referred to 112 
as R, as well as the coefficient of inbreeding of both parents (i.e. the coefficient of kinship of 113 
the parents’ parents), here referred to as Fmaternal and Fpaternal.  114 
Unlike their molecular counterparts, pedigree-based estimates of inbreeding and relatedness 115 
measure F and R relative to the individuals in the base population (i.e. all individuals with 116 
unknown parents), which are assumed to be unrelated and outbred. Consequently, the amount 117 
of information on an individual’s ancestors sets a lower limit to the minimum F that can be 118 
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detected. Even to detect the closest form of inbreeding (offspring from a brother-sister or 119 
parent-offspring marriage, resulting in F = 0.25) we thus need to be able to go back at least 120 
two generations. Hence, small levels of inbreeding can only be detected in individuals whose 121 
pedigree goes back many generations. Consequently, individuals with F = 0 for which limited 122 
pedigree information is available may still be inbred, and couples with R = 0 may still be 123 
related. In all analyses we therefore limit our analyses to those couples with R > 0, or to those 124 
individuals with F > 0. Although this may still provide an underestimate of F and R, the 125 
difference between true and predicted values of F and R will be relatively small.  126 
In populations with relatively little close inbreeding, but large amounts of more distant 127 
inbreeding, this approach is preferable to the more common practice of including only those 128 
individuals with a certain number of known ancestors. Especially if most inbreeding events 129 
are relatively distant, a dataset including all individuals for which all four grandparents are 130 
known still contains a very large number of non-informative individuals. On the other hand, a 131 
further restriction of the data set (e.g. including only individuals where all eight great-132 
grandparents are known) could result in the exclusion of the few highly informative close 133 
inbreeding events. 134 
Statistical analyses 135 
We tested for an effect of the relatedness of a couple (R), as well as both the paternal and the 136 
maternal level of inbreeding (Fpaternal and Fmaternal, respectively) on the total number of children 137 
they had (Ntotal). To normalise Ntotal, we square-root transformed our data (as suggested by a 138 
Box-Cox transformation). Shapiro-Wilk tests for normality showed no evidence for 139 
significant deviations from normality of the residuals for any of the models. 140 
Analyses using the full data set showed a significant decline in family size over time (year of 141 
 8
marriage: b ± SE = -0.0031 ± 0.00057, P < 0.001). Year of marriage was therefore included as 142 
a covariate in all models. Furthermore, to account for the possible non-independence of 143 
brothers and sisters (who have the same inbreeding coefficient and share a household for the 144 
early parts of their lives), we included paternal and maternal family (defined as a unique 145 
combination of the ID of both parents of the husband and the wife, respectively) as random 146 
effects in all models (irrespective of their statistical significance). Whereas paternal family 147 
explained a significant 29% of variation in Ntotal (χ21 = 18.59, P < 0.001), maternal family 148 
explained as little as 4.0% (χ21 = 0.322, P = 0.571). However, although paternal family 149 
explained quantitatively very similar amounts of variation in the more restrictive models 150 
including R or F (see below), it never reached statistical significance in these models.  151 
We tested simultaneously for an effect of R, Fmaternal and Fpaternal on Ntotal. Note that sample 152 
sizes are greatly reduced for this model as only marriages between related individuals (R > 0), 153 
in which both the husband and the wife have F > 0 are included. Additionally, we therefore 154 
fitted models including R, Fhusband and Fwife separately. 155 
All statistical analyses were performed using R (R Development Core Team, 2008). Linear 156 
mixed models were run using the lme4 package (Bates et al., 2008). The significance of the 157 
fixed effects, as well as their 95% confidence intervals were obtained from 100.000 MCMC 158 
simulations, performed using the pvals.fnc function in the languageR package (Baayen, 159 
2007). Significance of the random effects was assessed using likelihood-ratio tests.  160 
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Results 161 
Descriptive statistics 162 
In total we had data on completed family size for 465 couples. The median completed family 163 
size was 4 (minimum: 0; 1st quartile: 2; 3rd quartile 7; maximum: 16). Of these couples, 140 164 
had an R > 0, and 134 men and 66 women had an F > 0. Note that of the 49 couples for which 165 
both Fhusband and Fwife were greater than zero, 47 couples had an estimate of R that was greater 166 
than zero. This suggests that all individuals for which sufficient pedigree information is 167 
available have an inbreeding coefficient that is greater than zero (although it may still be very 168 
small), which provides further justification for treating individuals with F = 0 as 169 
uninformative and excluding them from our analyses.  170 
The mean inbreeding level across all men was 0.0063, and across those with F > 0, mean F 171 
was 0.0220. Mean F across all women was lower (0.0030), but similar when only women 172 
with F > 0 were included (0.0214), which is consisted with immigration being female-biased. 173 
Mean R across all couples was 0.0065, and 0.0215 across couples with R > 0.  174 
Effects of parental relatedness and inbreeding 175 
When we included R, Fpaternal and Fmaternal in the model, we found no effect of either parental 176 
relatedness or paternal inbreeding on family size. However, there was a significantly negative 177 
effect of the inbreeding level of the mother on the total number of children she had throughout 178 
her life (Table 1, Figure 1). Furthermore, family sizes were found to have declined 179 
significantly over time, and paternal but not maternal family explained a substantial (but non-180 
significant) proportion of the variation in family size (Table 1). There was no significant 181 
quadratic effect of year of marriage (P = 0.65), but inclusion of the quadratic term provided 182 
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quantitatively and qualitatively very similar estimates for the effects of relatedness and 183 
inbreeding. 184 
To maximise statistical power, we subsequently tested for an effect of R, Fpaternal and Fmaternal 185 
in three separate models. Again, we found a significantly negative effect of maternal 186 
inbreeding level on family size (b ± SE = -8.04 ± 3.04, P = 0.013), but no effect of parental 187 
relatedness (b ± SE = 1.28 ± 2.48, P = 0.55) or paternal inbreeding level (b ± SE = -3.10 ± 188 
2.50, P = 0.15). Furthermore, there was no evidence for a quadratic effect of either parental 189 
relatedness (P = 0.94), maternal inbreeding (P = 0.92) or paternal inbreeding (P = 0.98), 190 
although statistical power was very low. In all three models there was again a highly 191 
significant effect of the year of marriage, and paternal but not maternal family again 192 
explained a substantial, but non-significant, amount of variation in Ntotal (results not 193 
presented). 194 
Discussion 195 
Most studies on the effects of inbreeding in humans have treated the couple as the unit of 196 
interest, and hence tested solely for an association between the degree of relatedness of a 197 
couple (R) and their reproductive success. This is in contrast to studies on non-human 198 
animals, which typically focus much more on the effects of inbreeding (F) on an individual 199 
level. Here we combined these two approaches, and tested whether couples in which husband 200 
and wife are closely related have fewer children than more distantly related couples, and, at 201 
the same time, whether there is an effect of the inbreeding levels of the two parents 202 
themselves.  203 
Our finding that inbred mothers have fewer children, but inbred fathers do not, is in 204 
accordance with the fact that all pre-natal and a large proportion of the post-natal parental 205 
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investment is provided by the mother. Therefore, the number of genes that are involved in 206 
parental investment and/or care that is expressed in women is many times higher than in men, 207 
all of which may carry deleterious recessive alleles that may be expressed in inbred 208 
individuals. This is also in line with studies that have quantified the effects of paternal and 209 
maternal inbreeding in non-human animals. In great tits (Parus major), for example, hatching 210 
success depends not only on the inbreeding level of the egg, but also on that of the mother 211 
(Van Noordwijk & Scharloo, 1981). Similarly, in song sparrows (Melospiza melodia) inbred 212 
females, but not inbred males, have a lower lifetime reproductive success (Keller, 1998). 213 
Although inbreeding may well have negative effects on sperm quality and quantity, and 214 
thereby reduce fecundity of inbred males (Roldan et al., 1998; Asa et al., 2007; Fitzpatrick & 215 
Evans, 2009), this may only become important in species where the level of sperm 216 
competition is high (Simmons et al., 2004; Zajitschek et al., 2009). Furthermore, there is 217 
some evidence that the negative effects of inbreeding on sperm quality or quantity in humans 218 
may only become apparent at a relatively late age (Robert et al., 2009).  219 
Although the differential effect of maternal and paternal inbreeding makes biological sense, it 220 
should be noted that statistical power is relatively weak (as illustrated by the 95% confidence 221 
intervals in Table 1) and hence we can not exclude the existence of a negative effect of 222 
paternal inbreeding. Furthermore, the absence of an effect of paternal inbreeding, and of 223 
parental relatedness for that matter, could also be explained by extra-pair paternity, which 224 
introduces errors in the pedigree along the paternal line (see e.g. Simmons et al., 2004). 225 
Nevertheless, although this may account for the absence of an effect of paternal inbreeding 226 
and parental relatedness, it cannot explain the significantly negative effect of maternal 227 
inbreeding on reproductive success. In fact, pedigree errors along the paternal line would 228 
indirectly also affect the accuracy of the maternal inbreeding coefficients, making our 229 
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estimate of the strength of maternal inbreeding depression, if anything, more conservative.  230 
Our main interest here lies in the evolutionary consequences of inbreeding in humans, i.e. in 231 
the association between parental relatedness and inbreeding, and fitness. Although we find 232 
that inbred women have fewer children, the data do not allow us to further dissect the 233 
causality of this relationship. Hence, we can only speculate about why maternal inbreeding 234 
reduces family size. Inbred women may, for example, experience a higher risk of miscarriage, 235 
or have lower conception rates or higher peri-implantation loss rates (Ober et al., 1999). More 236 
indirectly, inbreeding may reduce female reproductive success through, for example, the age 237 
at marriage. If women who marry at an earlier age have more children, we may find a 238 
negative effect of inbreeding on family size if inbred women typically marry at a later age. 239 
Indeed, we find a significantly negative effect of the maternal age at marriage on completed 240 
family size (-0.040 ± 0.0081, P < 0.0001), but not of paternal age at marriage (-0.0089 ± 241 
0.0066, P = 0.18). Yet, there is only a weak and non-significant positive effect of inbreeding 242 
on maternal age at marriage (b = -0.065 ± 0.039, P = 0.10, note that age at marriage was 243 
reciprocally transformed to improve normality). Furthermore, when we include maternal age 244 
at marriage as an additional covariate in the model testing for an effect of maternal inbreeding 245 
on family size, the effect of maternal inbreeding is reduced only slightly (maternal inbreeding: 246 
b = -6.22 ± 3.19, P = 0.056; maternal age at marriage: b = -0.025 ±  0.013, P = 0.065). On the 247 
whole this suggests that age at marriage might at least partly contribute to the negative effect 248 
of inbreeding on reproductive success in women, although again we can only speculate about 249 
the underlying mechanism. 250 
Unlike earlier studies on the effects of inbreeding in humans, we did not find that related 251 
couples had fewer (or more) children (Bittles & Neel, 1994; Bittles, 2001; Jorde, 2001). 252 
However, the great majority of studies on the effects of inbreeding in humans have been 253 
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performed in communities with exceptionally high rates of inbreeding found in, for example, 254 
India (mean F = 0.01 – 0.05) and Pakistan (mean F = 0.02 – 0.03) (Bittles et al., 2002). 255 
Importantly, these countries are also characterised by large amounts of, potentially 256 
confounding, variation in socioeconomic status (Hussain & Bittles, 1999; Bittles et al., 2002; 257 
Hussain & Bittles, 2002). Estimates of the effect of inbreeding in less inbred and more 258 
homogeneous societies remain however scarce (Ober et al., 1999; Helgason et al., 2008; 259 
Robert et al., 2009). The few studies using data from populations more similar to the one 260 
described here, (i.e. more homogenous and egalitarian, and less inbred), typically found small 261 
and often complex effects of a couple’s relatedness on total number of children, or no effect at 262 
all (Ober et al., 1999; Overall et al., 2002; Helgason et al., 2008; Robert et al., 2009). The 263 
absence of a strong negative effect of inbreeding in this study may at least partly be attributed 264 
to reproductive compensation, especially if family sizes are smaller than the reproductive 265 
maximum (Ober et al., 1999; Overall et al., 2002). However, our finding that more inbred 266 
mothers do indeed have fewer children, and thus do not show complete compensation, 267 
suggests that reproductive compensation may not be the sole explanation. Furthermore, 268 
several recent studies on humans and other animals have found significantly non-linear effects 269 
of relatedness on reproductive success, with reproductive success being maximised at 270 
intermediate levels of relatedness (Edmands, 2007; Helgason et al., 2008). Although here we 271 
do not find any significantly non-linear effects, statistical power is very low. 272 
Although it will never be possible to completely rule out the role of non-biological factors in 273 
driving the observed negative effect of maternal inbreeding found here, it should first of all be 274 
noted that except for a few cases (2 men and 1 women with F = 0.125) we find very little 275 
close inbreeding, and many couples with R > 0 would probably have been unaware of the fact 276 
that they were related. Given that most inbreeding events are relatively distant, correlations 277 
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between their relatedness and their socio-economic status are expected to be very weak at 278 
most. Second, we tested for an effect of parental relatedness and both maternal and paternal 279 
inbreeding simultaneously. As we can expect socio-economic and other non-biological effects 280 
(e.g. giving rise to systematic year-to-year differences in inbreeding level and family size) to 281 
act on the family level (i.e. on both the wife and the husband), we would expect to find 282 
similar effects of maternal and paternal inbreeding, and of parental relatedness. Third and 283 
finally, by including maternal and paternal family as random effects in our model, we were 284 
able to control at least partly for the effects of variation in cultural or socio-economic 285 
differences among families. With respect to the latter it is interesting to note that whereas we 286 
found paternal family to explain a substantial and significant proportion of the variation in 287 
family size, there was no effect of the maternal family on a couple’s reproductive success. In 288 
other words, brothers had similar family sizes, whereas sisters did not. One potential 289 
explanation for this pattern could be an inheritance system in which sons benefit more from 290 
the wealth of their parents than daughters, but at the moment this remains mere speculation. 291 
Although social scientists continue to prefer non-biological explanations (e.g. Shor & 292 
Simchai, 2009), evidence in support for the idea that the taboo on incest that exists in many 293 
societies has evolved as a mechanism to avoid inbreeding depression continues to accumulate 294 
(Maynard Smith, 1978; Lieberman et al., 2003). However, whereas the latter assumes that 295 
mating with a relative results in fewer offspring, we found that closely related partners did not 296 
have smaller families than those that were more distantly related. Importantly, however, we 297 
found that the daughters of parents that are closely related (that is daughters that were inbred 298 
themselves) did have fewer children than those with less closely related parents. 299 
Consequently, although related parents do not have fewer children, they do have fewer 300 
grandchildren, generating selection for inbreeding avoidance, also in humans.  301 
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Tables 394 
Table 1. Statistical results for a mixed effects model, explaining variation in the number of 395 
children a couple has had by parental relatedness (R), paternal inbreeding (Fpaternal) and 396 
maternal inbreeding (Fmaternal). Only couples with both R, Fpaternal and Fmaternal > 0 were 397 
included. Provided are for each covariate the estimate of the slope and its standard error (b ± 398 
SE), its 95% confidence or credible interval (95% CI ) and its level of significance (P). The 399 
latter two are based on MCMC simulations. Also provided is the percentage of variance 400 
explained by the two random effects, their 95% confidence intervals, as well as their 401 
significance based on a likelihood ratio test. 402 
Fixed effects b ± SE 95% CI  P 
Year of marriage -0.0156 ± 0.0033 -0.022 – -0.0088  < 0.001 
R -0.562 ± 3.387 -7.94 – 5.90  0.78 
Fpaternal 4.872 ± 3.708 -2.48 – 11.82  0.20 
Fmaternal -9.483 ± 3.631 -16.92 – -1.86  0.016 
     
Random effects % variance explained 95% CI χ21 P 
Paternal family 33.8 0 – 0.174 0.88 0.35 
Maternal family 0 0 – 0.143 0 1.000 
 403 
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Figure captions 404 
Fig. 1. Effects of relatedness and inbreeding on family size. Whereas there was no effect of 405 
(a) parental relatedness or (b) paternal inbreeding, there was a significantly negative effect of 406 
(c) maternal inbreeding on family size. Plotted are the residuals of the full model presented in 407 
Table 1, excluding the covariate depicted. 408 
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